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What is Dark Matter?

Dark matter is the name given to the unresolved problem of missing,
non-baryonic mass in the universe.

Evidence:

* @Galaxy Rotation
 CMB . . .

* Lensing . N
 Bullet Cluster — 7 ’\ %ﬂ’f
e ..and many more | 1

g

B '
- N
»

Interactions:
e Gravity: YES (matter) 7 w4, |
« EM: NO (dark) ‘ \, (W S
e Weak-scale: maybe?

— Weakly Interacting Massive Particles (WIMPs)
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““"" What is Dark Matter?

Dark matter is the name given to the unresolved problem of missing,
non-baryonic mass in the universe.

Begeman, et al. MNRAS 249 (1991)

Evidence: 200 ——————T T T T T
* Galaxy Rotation F NGC 8503

« CMB

* Lensing

e Bullet Cluster

e ..and many more

o4 e Dark matter —

-

Ve (km s™)

Interactions:

e Gravity: YES (matter)

« EM: NO (dark)

 Weak-scale: maybe?
— Weakly Interacting Massive Particles (WIMPs)

30

Radius (kpc)
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What is Dark Matter?

Dark matter is the name given to the unresolved problem of missing,
non-baryonic mass in the universe.

Evidence: sonn ol [ e
* Galaxy Rotation 5000 5
 CMB — 4000 |
< C 1 ]
i = C : E
: LenSIng EN 30005 Planck Collaboration,
* Bullet Cluster S 2000} ARA 594, Al1(2016)
e ..and many more 1000;-1\7
608;:{ ] H:il I % { ':I_:60
InteraCtionS: E@N 3085 . I|N|| ‘ “1 hllul.l l+l++x§ 40,14 & 8888 10 010000 0040200 ,b4d 1..14”._; go
: 3 aof WT L KRR P
* Gravity: YES (matter) postd T 1%
. 2 10 30 500 1000 1500 2000 2500
« EM: NO (dark) ,
 Weak-scale: maybe?
— Weakly Interacting Massive Particles (WIMPs)
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e What is Dark Matter?

Dark matter is the name given to the unresolved problem of missing,
non-baryonic mass in the universe.

Evidence: Atoms Dark
° CMB 68.3%
* Lensing Ak
Matter
o BU”Et ClUSter 26.8%
e ..and many more
Interactions:
* Gravity: YES (matter) TODAY
« EM: NO (dark)

 Weak-scale: maybe?
— Weakly Interacting Massive Particles (WIMPs)
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Massive Particles

* Natural production yosl SRR o
mechanism in early
universe

* Freeze-out with ]
annihilation cross section | £
of order weak-scale gives i
roughly the relic density E i SN SRR S

* Mass of order 1-1000 GeV | ~

* Lightest SUSY particle
would qualify as a WIMP AR '”"fczm'/T (tlme—:;m EE—

;
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" Detecting Dark Matter

/ \\
thermal freeze-out (early Univ.) >. Look for annihilation

indirect detection (now) : :
—_— signhal from regions of
dense dark matter

DM e Galactic center
* Dwarf galaxies

direct detection

DM

productlon at colliders

10
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" Detecting Dark Matter

thermal freeze-out (early Univ.) | Look for missing

indirect detection (now) momentum in particle
=
accelerators

c DM SM

o

3}

3

m ‘

©

S}

-

© DM SM

—SM
Ess—

production at colliders

\
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" Detecting Dark Matter

thermal freeze-out (early Univ.)

indirect detection (now)
e ———

DM SM

productlon at colliders

direct detection

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017

Look for energy
deposition of dark
matter scattering on
detector nucleii
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" Detecting Dark Matter

indirect detection (now)
e ———

DM

direct detection

DM SM

productlon at colliders

thermal freeze-out (early Univ.)

e Exactinteractionis

unknown...

e How does the WIMP

interact with the
nucleus?

/

spin-independent

Heavy targets (Xe, Ar, |)
\ 4

spin-dependent

PICO

13
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located in SNOLAB
PICO-60

ton-day exposures
#;.. . o/

ICO-2L
100 kg-day exposures

&
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Pressure—
Gibbs potential—
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“l
superheated

Temperature—

Density—
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200

I I T
. | —Typical Event
180 |- ---- Timeout c | -
C !
160 - S 2 ' -
2 : . %
=140 s First start counting livetime < il
et P o5 S
e 120 + 30 ‘ : 8 |
2 100 - 5 -
o) .
o 80~ . Trigger A
60 - E :
40 - .Z"‘. = i |
Yoot e '
20 | | | | |
-500 0 500 1000 1500 2000 2500
Time since expansion (S)

e Primary optical trigger (look for change in images)
* Timeout trigger at 2000s (improves stability)
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e Bubble Chamber Event =

o il B L. w
w

Run 20150315 2. ev 97
photo credit Guillaume Giroux
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Water (buffer)
Bellows

CsFg (target)
Acoustic Sensors

Fused Silica Jar
Cameras

Pressure Vessel

To Hydraulic Cart
Mineral Oil

(hydraulic fluid)

Amole, C. et al. Phys. Rev. Lett. 114, 231302 (2015)

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017

Pressure control of
hydraulic outer
volume

Bellows transmit
pressure to inner

fluids

Buffer liquid (water)
separates active
liquid (C5Fg, CF;l)
from radioactive
detector materials
Active liquid sits in
radio-pure quartz jar

19
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" Bubble Chamber Design

Water (buffer)
Bellows

CsFg (target)
Acoustic Sensors

Fused Silica Jar
Cameras

Pressure Vessel

To Hydraulic Cart
Mineral Oil
(hydraulic fluid)

Amole, C. et al. Phys. Rev. Lett. 114, 231302 (2015)
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Cameras monitor for
bubble nucleation
with LED illumination

Piezoelectric acoustic
sensors listen for the

bubble

1

>
[« P]
©
3 o——%
=
£
L |

-0.05 0 0.05

time [s]
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e Critical radius set by

fluid properties and run

conditions
20
R
rC

e Critical radius
determines energy
threshold

E, = E(T,P, fluid)

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017

O

surface
tension

I— T

Determination

ambient
pressure
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ThresholdCalculatlon aa

Surface energy, Bulk energy, Reversible Work

Ep H 4nr? (0 —T (8—0) ) 1.57 keV
G

4

+ ?ﬂf/cpb (hy — hy)
47

=i S (P, — P)

1.95 keV

-0.15 keV

= 3.37 keV
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P=35 psi,
1,=15.0°C

r=24.1nm C3F8




AmBe B ObseNed I'Rate'

___Simulated rate with]
best-fit efficiency

Rate (arbitrary units)

Systematic uncertainty

. ‘ ‘ _ on neutron f!ux . .

2+ 1 2 3 4 5 6 7+
Bubble Multiplicity

o
0

o
o)

. E_T=3.2+0.3 keV

___Best fit efficiency
curves (F, C)

~ Curves used in 5 GeV -
S| WIMP search (F, C)

T T 8 10

Recoil energy (keV)

©
~
T

o
N
T

Bubble Nucleation Efficiency

Amole, C. et al. Phys. Rev. Lett. 114, 2313
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Overview

1. Motivation

2. Bubble Chamber i
Physics |

(gammas)

3. Backgrounds to
Dark Matter
Nuclear Recoil

4. New Results from (neutrons, WIMPs)
PICO e

5. PICO Future Plans | ...~
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" Detector Backgrounds

* Looking for dark
matter interaction
rates at order 1
event per tonne-day

e Detector is WAY
more radioactive
than that...

* Need to be able to
reject radioactive
backgrounds

http://www.hep.ucl.ac.uk/darkMatter, -/

_/‘/“/“/\/\/

Electron Recoil

(gammas)

Nuclear Recoil
(neutrons, WIMPs)

o
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Gamma Rejection by Chamber

510199190 ODId SNOLIEA

1072 ' ' |
- A PICO-0.1
10-3 . A U Chicago
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e Neutron Backgrounds

* Preferentially
Multiple-scatter
— Allows us to measure

background rate
directly

e Simulation tells us to
expect 3:1 multiples
to singles ratio

| * Dominated by
B s » ; detector materials
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" Alpha Decay Backgrounds

* Measure the acoustic power of an event to construct AP

(acoustic parameter) 190 |
neutrons ' == AmBe data sample
: ¥ —— WIMP search data
* Three populations: 100f | eEET
1. Neutrons S e B 1 B o onng CF,l Target |
(Normalize AP to § |+ % acceptance
nuclear recoil S 6ot AR E
signature) ;5: S
2' Alphas dre 0 E E EE 20 recoil- 2474
louder! ol like events aiphas
3. Recoil-like H ‘/'
background...

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017

E. Behnke et al. Phys. Rev. D 86, 052001 (2012)
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" Anomalous Background

* PICO-2L Runl
— 9 candidate events in 32
live-days at 3.2keV

. i 60
— Inconsistent with known
radioactive backgrounds  40;
AND dark matter 20
e PICO-2L Run2 E ok

— 1 candidate eventin 66 N
live-days at 3.2keV
— Consistent with neutron  -40

expectations _60!

* Between runs, the _gol .
0 20

detector was cleaned of
particulate contamination

Befo

-20¢

® o

s v 'ﬂmwli WL S

T
LY TORCI 4

re

32.2 live-days

40

60

2
R /F{jar (mm)

C. Amole et al. Phys. Rev. D 93, 061101(R) (2016)

80

100

" 166.3 live—days

20

40 60

2
R /F{jar (mm)

Hypothesis: combination of particulate matter and
water leads to anomalous nucleation mechanism

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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NORTHVESTERY PICO Timeline

COUPP-4 (2011) PICO-2L (2014) PICO-2L (2016)
CF;l Target C;Fg Target C;Fg Target
i : [ R
gre Try switching & Try removing IL\I.eu:rczlr:
— : target fluids = R particulate "Te
Background Background 7
Discovered ’ Limited _>

]

PICO-60 (2014) PICO-60 (2017)
C;Fg Target

=

Try scaling to
increase statistics

duijeas Ay

SRy Myl
Background
Limited

L/ LA 7 SN, )|
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1. Motivation

2. Bubble
Chamber
Physics

3. Backgrounds f
to Dark Matter | "

4. New Results
from PICO

5. PICO Future
Plans

31
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PICO-60 Design

Water (Buffer) (i :
iezos

Al
C3F8 (Target) o

1)
-
Propylene Glycol
(hydraulic fluid)

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017

= * Piston pressure control

* 4 cameras monitoring
active liquid

* 8 piezoelectric acoustic

2| transducers

| * Located 6800ft

9 a underground in SNOLAB

f * Entire pressure vessel

submerged in water tank
— Temperature control
— Neutron shielding
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" PICO-60 Upgrades

* New water system for improved
thermal control

* Filtration system allows in-situ
buffer sampling

 Non-abrasive PTFE seal

* Four cameras allow larger volume

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017



Post-Filtration Particulate Size Distribution

Mil-Std 1246C level 100

Mil-Std 1246C level 50 (Goal)
Mil-Std 1246C level 25

Filter Sample Normalized by Flow

<50pm <100um  particulate Size Bin

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017




R Commissioning

* Filled with 40L C;F; on June 30, 2016

36
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”””””””””” What do we measure?

 Camera images (primary trigger)
— Was there a bubble (Y or N)? Electron Recoil Rejection
— How many bubbles were there? Neutron Rejection
— What were the bubble positions? surface Rejection

* Temperature S

Determination

* Pressure (secondary trigger)

e Acoustic signal

Blind this information
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~ Blinding a bubble chamber

* First time this has been done
for PICO

* Alpha decays (from radon) are
only distinguishable from
candidate events acoustically

amplitude [V]

|
-

—

-

BLIND

-0.05

0 0.05
time [s]

* Blinding acoustics effectively salts your data with alpha decays

— Unblinding acoustic information removes the salt

* Blinding scheme: define ALL cuts and efficiencies using non-
WIMP search data BEFORE looking at the acoustic

information

— Acoustic cuts based on neutron calibration data

e We calibrate the detector before and after WIMP search to

check for consistency
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* 106 bulk singles in WIMP search
dataset
— Acoustics Still Blind

— Consistent with Rn decay rate in
pre-WIMP search unblinded data

 Neutron Background
— Not blinded to multiplicity

— 3 multiple bubbles in the physics
data

— Multiples to singles ratio is
approximately 3:1 from
calibration and simulation

* Conclusion: 0-3 bulk singles
would be consistent with
neutrons and no anomalous
background

Before Opening the Box

C. Amole et al., arXiv:1702.07666

39
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3

Neutron
= \\NIMP search

C. Amole et al., arXiv:1702.07666

Il o

I I
Neural Network g : : .. .
Acoustic Analysis || § |0.5 * . I |
* Notasgoodas ||z I i | . .
AP, yet... Z . . ...'..L ‘:
0 E =l e W — — — o — — o —
-1 0 1 2 3 4
log(AP)

( ~ Acoustic Power)

40
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S PICO-60 Results FICC

Dataset Efficiency (%) Fiducial Mass (kg) Exposure (kg-days) No. of events
Singles 85.1 £ 1.8 45.7 £ 0.5 1167 + 28 0
Multiples 99.4 + 0.1 52.2 £ 0.5 1555 £ 15 3

TABLE I. Summary of the final number of events and exposure determination for singles and multiples in the 30.0 live-day

WIMP search dataset of PICO-60 C3Fg at 3.3 keV thermodynamic threshold.
C. Amole et al., arXiv:1702.07666

 Multiples efficiency is higher because no fiducial,
acoustic cuts

 We simulate and measure a 3:1 ratio of multiples to
singles for neutron calibration data

* Of the 106 fiducial-bulk singles, none are consistent

with nuclear recoil hypothesis (all are consistent
with radon chain alphas)

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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PICO-60 C3F

8

SD WIMP-proton cross section [sz]
S
i

10"

102
WIMP mass [GeV/c?]

C. Amole et al., arXiv:1702.07666 -
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= |
Consider spin-dependent coupling to proton and neutron
0.2 - R -
2 50 GeV/c”
0.1} >; .
PICO-2L C5F, PICO-60 CF;l
0.1 |
C. Amole et al., arXiv:1702.07666
-0.2 ' - '
-0.4 -0.2 0 0.2 0.4
a
n
See Tovey for details: o 32G2u3
D.R. Tovey, et al., Phys. Lett. B 488, 17 (2000) A

2/ +1
(ap(Sp))
T
Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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wuer Spin-independent Limits FIC©

* Light nuclear
targets give
sensitivity to low-
mass WIMPs

* Unexplored
phase space

| C Amole et ql., arXi‘v:‘17‘0‘Z‘.Q7666

—

ol
w
(0]

—

oI
N
o

—

oI
N
N

S| WIMP-nucleon cross section [cm2]

would be 3
accessible with £, I —
10° 10’ 10°

slightly reduced
threshold

WIMP mass [GeV/c?]
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s Gomparison to Collider

4
10 E ) L L i L UL T T T L T
i .y - - —CMS DM+J/V ]
N,: Q:;%I. gsec,:t;;Mnjdlator, Dirac DM CMS DM+photon -
()
O,
B 2] — i
% 10 i | ]
- i | |
o ’ |
=10 ¢ : 3
= |
- | C. Amole et al., arXiv:17¢2.07656 :
100 Lo 1 ! I ! I | 2 L L L L I | 3 "
10 10 10
Mediator mass [GeV/cz]

Idea: rather than try to plot model-dependent collider
limits in our space, let’s plot our limits on their model

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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PICO-60 Summary

* New, world-leading
constraints on
WIMP dark matter

-
o (=)
w £

WIMP mass [GeV/c?]
) IS ) )
=) N ”_. N “N

Mediator mass [GeV/cZ]

C. Amole et al., arXiv:1702.07666

SD WIMP-proton cross section [cm2]

—_
o

—
oI

—
oI

—
oI

—
oI

&
\‘

W
(o]
T

W
©
T

N
o
T

N
e

_
4444

o
s

PICO-60 CF,

10"

WIMP mass [GeV/c?]

* Question: We have shown we can mitigate our
anomalous background, but can we eliminate
the background mechanism entirely?

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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Overview

Motivation
Bubble Chamber Physics
Backgrounds to Dark Matter
New Results from PICO
PICO Future Plans

1A R
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PICO-40L

We have shown we can mitigate
our anomalous background, but
can we eliminate the background
mechanism entirely?

IDEA: Eliminate buffer fluid

* Purpose of buffer liquid is to
isolate the active liquid from the
stainless parts

* Elimination of buffer liquid would
allow in-situ purification of active
liquid

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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Eliminate buffer fluid
Purpose of PICO-40L
buffer liquid

is to isolate —
the active >
liquid from Q
the stainless 3
parts Q)
Thermal )
gradient can a
ensure that Q.
target fluid M
nears'tainless 3_
parts is not
active

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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PICO-40L

Physics reach

1. Added stability could allow
us to push down in threshold
(WIMP mass) until we hit ER
backgrounds

2. Ability to use new target
fluids optimized for different
WIMP masses

3. Reduced neutron
backgrounds, allowing us to
push down in cross-section

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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* Engineering work ongoing as part of R&D program

* Proposal for full detector (53M CAD) currently
submitted to CFl, decision expected this summer

N/

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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50 GeV WIMP constraints

2]
@
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plot courtesy of Guillaume Giroux
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Spin-Dependent Future

A\~

Dark Matter-nucleon cross section [cm?]

-38
10 s, o
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1 0—39 60
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“‘ 7 G2 \
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* PICO program
has significant
reach in parallel
to G2

experiments

* Lower neutrino
floor opens
unique phase to
PICO

53



NORTHWESTERN

Conclusions

* PICO bubble chambers at the 40L
scale are background-free

* PICO dominates the search for spin-
dependent WIMP-proton coupling

* PICO-40L will have significant physics
reach by 2018

* PICO-500 will continue to probe
unique phase space

 Still untapped potential in the bubble
chamber technology

— Scintillating bubble chambers:
D. Baxter et al., arXiv:1702.08861

The future of PICO is very bright

Dan Baxter, Fermilab Joint Theoretical-Experimental Physics Seminar, April 14, 2017
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" Particulate Hypothesis

)
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Assay reveals
significant
contamination

Clues from timing
and spatial profiles
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C. Amole et al. Phys. Rev. D 93, 052014 (2016) [arXiv:1510.07754]




" Acoustic Parameter (AP)
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* Filter the raw trace and divide it up into frequency bands
e Correct each band for position (normalize to emitted power)

 Combine the bands that show separation between alpha and
neutron data
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----Time since start: 45.93 days
45| = Detector on: 44.60 days
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ection

Acoustic information (cuts in red) were blinded for WIMP search

Cut

Data Write
Camera Trigger
Pressure

Single Bubble
Acoustic Noise
Acoustic Timing
Fiducial
Secondary Fiducial
Acoustic Parameter (AP)
NN Score

Manual Scan

No errors writing to disk

Event was triggered by cameras

Within 1psi of target

Optical reconstruction algorithms found one bubble
Pre-trigger noise was within specified range
Acoustic signal within window of camera trigger
Optical reconstruction places bubble in bulk
Pressure rise consistent with bulk event

Consistent with neutron calibration

Neural net thinks acoustics are from a neutron

All events passing the above are checked
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